Laminin-γ1 is required for early embryonic development; however, the need for laminin-γ1 synthesis in adulthood is unknown. A global and inducible mouse model of laminin-γ1 deficiency was generated to address this question. Genetic ablation of the Lamc1 gene in adult mice was rapidly lethal. Despite global Lamc1 gene deletion in tamoxifen-induced mutant mice, there was minimal change in total cardiac, pulmonary, hepatic or renal laminin protein. In contrast, laminin-γ1 was significantly depleted in the small intestines, which showed crypt hyperplasia and dissociation of villous epithelium from adjacent mesenchyme. We conclude that the physiologic requirement for laminin-γ1 synthesis in adult mice is dependent on a tissue-specific basal rate of laminin-γ1 turnover that results in rapid depletion of laminin-γ1 in the intestine.
. Conditional deletion of the Lamc1 gene in adult mice rapidly leads to laminin protein depletion in the small intestine. For (A,B), tissues include heart (Ht), Lung (Lu), Kidney (Ki), Liver (Lv), Spleen (Sp) and Small Intestine (In). (A) Tissue from tamoxifen-treated control (C T ), tamoxifen-treated mutant (M T ), and untreated mutant (M N ) were analyzed by PCR for the presence of wild type Lamc1, Lamc1 LoxP , and recombined Lamc1 LoxP− . The lane marked * contains tail DNA from a mouse with the genotype Lamc1 LoxP/+ . (B) Tissue lysates were analyzed by ELISA for total laminin protein concentration. Each data point is the average of two technical replicates from a single animal. (C) Immunofluorescent images of control and mutant small intestine that were probed with antibody against laminin-γ1 (yellow). Endogenous mTomato and eGFP are also shown. DAPI was used to label nuclei (blue). Magnification bars indicate 50 microns (lower magnification) and 10 microns (higher magnification). 10x and 40x with a 1.5 magnifier lenses were used to collect these images. Images are representative of the results obtained from immunofluorescent analysis of 3 tamoxifen-treated control and 4 tamoxifen-treated mutant mice.
The subepithelial laminin in adult intestinal crypts is laminin-211 and in the villi are laminin-332 and laminin-511 35, 36 . Thus, laminin-ɣ1 is the exclusive sub-epithelial gamma-chain in intestine crypts and is a significant contributor to villous laminin. We used frozen tissue sections from control and mutant mice that also expressed the mTomato/eGFP reporter transgene 37 to correlate areas of Cre-responsive gene recombination to laminin expression (Fig. 1C ). In the absence of Cre recombinase activity, tissues express mTomato, which is lost with recombinase activity and replaced by eGFP expression. Tamoxifen-treated control mice expressed mTomato throughout the muscularis, crypts and villi, and minimal to no eGFP expression. Laminin-γ1 was detected in thin basement membranes surrounding crypts and extending through the duodenal villi. In the tamoxifen-treated mutants, mTomato fluorescence was visible in few villi and portions of the muscularis, while eGFP expression was robust in duodenal crypts villi. Laminin-γ1 immunoreactivity was restricted to mTomato + villi and mTomato + muscularis. The basement membranes adjacent to eGFP + crypts and eGFP + villi did not retain laminin-γ1 immunoreactivity. This indicates that Lamc1 gene recombination, and thus transition from mTomato to eGFP expression, corresponds with reduced laminin-γ1 protein in the adjacent basement membrane.
To compare Lamc1 transcript abundance in both the epithelial and mesenchymal layers from control and mutant mice, duodenal epithelium was separated from mesenchyme, and RNA from each of the two fractions (epithelial and mesenchymal-enriched) were isolated and analyzed by qRT-PCR for Lamc1 transcript ( Table 1) . The mesenchyme-enriched fractions from controls had higher Lamc1 transcript levels than the epithelial fraction, and the more significant reduction of transcript was similarly in the mesenchyme of mutant mice. This finding is consistent with previously reported data 38 . Alternative laminin gamma subunit transcripts (i.e. -γ2 and γ3) were not upregulated in the mesenchyme of Lamc1 knockouts, although the laminin-γ2 transcript was upregulated in the epithelial fraction (Table 1 , Fig. 1 ). Transcripts for αand β laminin subunits were also compared (Table 1) , as were laminin-α4 and laminin-α2 protein immunoreactivity (Supplemental Fig. 1 ).
Lamc1 gene deletion in adult mice is lethal.
Following tamoxifen administration, mutant and control mice were monitored with serial weight measurements and clinical observation. The control group maintained their body weight, while mutant animals progressively lost weight ( Fig. 2A ). Tamoxifen-treated mutant mice developed signs of distress, including ruffled fur appearance, hunched posture, lack of grooming behavior, and stunted growth. There was no evidence of overt hindlimb paresis (Supplemental Videos 1 Control & 2 Mutant), such as has been previously described in neuronal and Schwann cell-specific conditional Lamc1 knockout mice 16, 17 . Clinical deterioration and weight loss was quantified using an IACUC-approved health metric scale, and mice falling below institutional acceptable scores were euthanized. This metric of morbidity was used to estimate survival from the first dose of tamoxifen administration (median survival of tamoxifen-treated control mice was unreached, and for tamoxifen-treated mutants was 24 days, p = 0.003; Fig. 2A ). Once the time frame for 50 percent lethality was established, remaining control and mutant mice were euthanized. The tamoxifen-treated mice that survived to this end point had lost minimal weight, and by PCR evaluation of Lamc1 loxP recombination, had minimal gene recombination. There was no evidence of increased mortality in untreated mutant mice (data not shown). Based on this data, we concluded that the primary phenotype of adult laminin-ɣ1 deficient mice is 
Lamc1 gene deletion in adult mice impairs gastrointestinal function and induces loss of serum proteins through the gut-vascular-barrier. Gross examination of small intestines just after euthanasia
differentiated between tamoxifen-treated control and mutant tissues, the latter were pale and fluid-distended in comparison with controls ( Fig. 2B ). To estimate gastrointestinal function, we measured the weight of fecal pellets produced by a single mouse over 10 minutes (Fig. 2C ). Laminin-deficient mice had less stool output by mass than did controls (control: 0.16 ± 0.016 grams, n = 4; mutant: 0.033 ± 0.036 grams, n = 4, p = 0.013). Stool pellets from both control and mutant mice were well-formed. No evidence of diarrhea or watery stool was noted. Gut-vascular-barrier permeability defects cause serum proteins such as albumin to leak into the intestinal tract resulting in elevated fecal albumin and decreased serum albumin. To evaluate barrier function in the laminin-ɣ1-deficient mice, we measured stool and serum albumin content from both cohorts (Fig. 2D ). The stool from laminin-deficient mice had a three-fold increase in fecal albumin and a small but statistically significant decrease in serum albumin in comparison with tamoxifen-treated control mice, consistent with a permeability defect.
We evaluated the lamina propria vasculature by immunofluorescent analysis of endothelium and adjacent nerve fibers. In healthy small intestine, the lamina propria microvasculature runs parallel to crypt and villous epithelium. Nerve fibers run adjacent to the microvessels through the center of the villi. We immunostained C T and M T small intestine for thrombomodulin (green) and PGP9.5 (red) to identify endothelial cells and nerve fibers, respectively ( Fig. 2E ). C T microvasculature and nerve fibers followed the expected histologic organization. However, in M T samples, thrombomodulin-positive endothelium and PGP9.5-positive nerve fibers were primarily detected in chaotic bundles at the interface between crypts and villi-without extension through the length of the villus lamina propria.
Organ-system dysfunction in Lamc1 deleted adult mice is primarily restricted to the gastrointestinal track.
Gross examination of other organs failed to identify other overt changes with the notable exceptions of reduced spleen and thymus size in the tamoxifen-treated mutant animals (data not shown). Serum electrolyte ( Table 2) analysis was performed to screen for other organ-system specific patterns of illness in the laminin-depleted mice. Neither renal nor hepatic dysfunction were noted-specifically, renal indices of creatinine and blood urea nitrogen (BUN) were not elevated, and potassium, sodium, calcium, and phosphorous levels were unchanged between tamoxifen-treated control and mutant mice. Surrogates for hepatic function such as total bilirubin, ALT, AST and alkaline phosphatase also failed to differentiate between genotypes. Total serum protein and globulin differed between the two cohorts, with tamoxifen-treated mutant animals having lower serum concentrations of both. While other causes of mortality cannot be completely excluded, these findings identify a primary defect in gastrointestinal structure and function as the most likely cause of mutant mouse mortality and is consistent with the gastrointestinal tract as the primary site of rapid laminin-ɣ1 protein depletion.
Lamc1 deletion in adult mice induces duodenal crypt hyperplasia, villus elongation, and dissociation of epithelium from adjacent mesenchyme. Histologic examination of duodenum from the laminin-deficient mice using hematoxylin and eosin stain revealed epithelial hyperplasia, with development of complex villous architecture and crypt hyperplasia ( Fig. 3 ). In the laminin-deficient mice, the distal-most villi lacked associated mesenchyme, although mesenchyme remained and was hyperplastic adjacent to the point of transition between crypt and villous epithelium. To determine whether both absorptive and secretory epithelia www.nature.com/scientificreports www.nature.com/scientificreports/ were affected by laminin-ɣ1 deficiency, duodenum sections were stained with antibodies against lactase and lysozyme, and epithelial-specific RNA transcript levels were compared. Mutant intestines had reduced lactase immunoreactivity, and abnormally diffuse lysozyme positivity rather than the concentrated granular staining noted in control samples (Fig. 3 ). Comparison of duodenal epithelial transcript levels between control and mutant mice did not show a consistent pattern of dysregulation, although lactase transcript was reduced in the mutants, consistent with the observed reduction in immunoreactive lactase protein (Table 3 ).
Intestinal epithelial cell proliferation is augmented in laminin-γ1 deficient intestines.
Laminin-ɣ1-deficient intestines had elongated crypts and expanded tubular villi, suggestive of altered epithelial proliferation. To determine whether this was the case, we examined tissue sections using an antibody against nuclear Ki67, which identifies cells in active cell cycle (Fig. 4A) . Control samples had a small number of Ki67 + cells, the localization of which was limited to the transit amplification zone and crypt base. However, in the mutant samples, the entire length of the elongated crypts was positive for nuclear Ki67, and ectopic foci of Ki67 + nuclei were also noted in the villi. We then asked whether apoptotic cell death was increased in the laminin-ɣ1 deficient intestines by immunoblot of epithelial cell lysates for caspase 3 (Fig. 4B, Supplemental Fig. 3 ). In the laminin-ɣ1 deficient samples, neither total nor cleaved caspase 3 were increased above control levels, and thus did not show evidence of increased apoptosis.
To determine whether the stem cell pool was impacted by expansion of the Ki67 + transit amplification zone, we compared stem cell transcript levels between control and mutant mice. In epithelium isolated from laminin-γ1 deficient mice, Lgr5 39-41 , Olfm4 42, 43 and Tert 44 transcripts were significantly reduced, while HopX transcripts 45 was relatively preserved (Table 3) . Interestingly, Olfm4 protein expression did not differ between the two cohorts www.nature.com/scientificreports www.nature.com/scientificreports/ (Fig. 4A ). These data are consistent with a significant reduction in the Crypt Base Columnar stem cell pool (Lgr5 and Olfm4). The +4 label retaining quiescent stem cell pool (Tert and HopX) is only somewhat reduced. Neither stem cell population is expanded, leading us to conclude that the Ki67+ cells observed in Fig. 4A are not intestinal stem cells. epithelial indian hedgehog transcript is reduced in laminin-ɣ1 deficient intestines. The hedgehog pathway is an important regulator of epithelial-mesenchymal homeostasis in the gut. Developmental epithelial Ihh deficiency (Villin-Cre; Ihh loxP/loxP ) leads to early mortality, crypt hyperplasia, transit amplification zone elongation, and mesenchymal expansion at villus bases 46 . These morphologic changes are similar to what we observed in the laminin-ɣ1 deficient mutants. To further define the degree to which gut homeostasis is dysregulated in the laminin-γ1 deficient mice, we asked whether hedgehog pathway transcripts were altered in the laminin-γ1 depleted small intestines.
Mutant epithelium had a 2.8-fold reduction in Ihh transcript compared with controls (control = 0.2412 ± 0.05371, n = 7; mutant = 0.08471 ± 0.01031, n = 10; p = 0.0039**; Table 3 ). Ihh not only binds to its receptor Patched1 on mesenchymal cells, it regulates its transcription. Reduced Ihh transcript corresponded with a trend towards reduced Patched1 transcript levels in mesenchyme from the same animals (control = 5.71 ± 1.578, n = 9; mutant = 1.863 ± 1.002, n = 7, p = 0.0755; Table 3 ).
Control + Tx (±SEM, n)
Mutant + Tx (±SEM, n) p value
Lgr5-Epi 0.2864 ± 0.07627, n = 9 0.0508 ± 0.01402, n = 10 0.0053** 
Discussion
The laminin-γ1 subunit is the most prevalent gamma subunit in laminin heterotrimers isolated from living tissue. Because of the early lethality of laminin-γ1 deficiency in embryologic development, its function in adult physiology is unknown. While laminin-ɣ1 is present in most adult tissues, protein turnover and thus need for active and constitutive synthesis was primarily noted in the gastrointestinal tract. In the small intestine, Lamc1 gene recombination leads to reduced abundance of mesenchymal Lamc1 gene transcript, and a significant reduction in laminin-ɣ1 protein expression. In heart, lung, kidney, liver and spleen, minimal protein reduction was evident three weeks post-induction, suggesting tissue-specific equilibrium of laminin-ɣ1 protein synthesis and degradation.
These results indicate that laminin-γ1 protein is actively turned over and replaced in the adult gastrointestinal tract. In the absence of nascent protein synthesis, the laminin-γ1 content of the small intestine is reduced within three weeks of gene recombination. This has a significant effect on intestinal histology and function. Although both epithelial and mesenchymal compartments are hyperplastic, it is neither coordinated nor functional. Mesenchymal structures, including disorganized neurovascular bundles expand but fail to extend past the villous bases, while numerous villous epithelium stream away from their mesenchymal support and blood supply. These structural changes underlie the gut-vascular barrier dysfunction and increased morbidity induced by Lamc1 gene deletion in the adult mice. The primary source of laminin-γ1 appears to be the mesenchyme, with relatively minimal Lamc1 transcript derived from the epithelium. This is consistent with Li et al. 38 whose gene expression analysis comparing epithelial and mesenchymal expression patterns showed similar results. Reduced epithelial transcription of Ihh is further supportive of our conclusion that epithelial and mesenchymal homeostasis is disrupted in the laminin-γ1 depleted intestines. It is tempting to speculate that this may be more than a marker of disequilibrium, and may in fact be a significant contributor to the mechanism by which laminin-γ1 alters epithelial proliferation. The laminin-ɣ1 deficient small intestines described here, and Ihh 46,47 deficient small intestines have several morphologic and biochemical similarities. Epithelial Ihh deficiency (Villin-Cre; Ihh Loxp/Loxp ) is lethal during early postnatal development because of gastrointestinal dysfunction and malnutrition. These mice also have crypt hyperplasia and reduced transcript levels for extracellular matrix proteins, including the lamc1 transcript 46 .
Importantly, our results indicate that laminin-γ1 synthesis and degradation in the adult intestinal stem cell niche are actively regulated. Within the limited time frame dictated by the onset of gastrointestinal morbidity following tamoxifen induction of Lamc1 gene deletion in these mice, there were minimal changes in the laminin content or function of the other organ systems we examined. This leads us to conclude that the synthesis and turnover of laminin-γ1 is a context-dependent regulator of gastrointestinal homeostasis. While renal and hepatic function did not change with Lamc1 gene deletion in adult animals, it will be informative to determine whether other adult stem cell niches that actively and constitutively produce lineage-defined cells, such as the bone marrow, are similarly dependent on laminin homeostasis.
The correlation between laminin-γ1 homeostasis and human diseases of adulthood is also unknown. It is certainly noteworthy that LAMC1 SNPs and mutations have been identified as predisposing factors in the development of colorectal malignancy [21] [22] [23] [24] . The rapid development of epithelial hyperplasia in our laminin-γ1-deficient mice provides some functional information relevant to these GWAS studies and leads us to ask whether perturbation of laminin-γ1 homeostasis is a specific contributor to the evolution of gastrointestinal malignancy.
Materials and Methods
Inducible and conditional mutant mouse generation. Mouse husbandry and research protocols were carried out in accordance with protocol AUA00003140, which was approved by The Medical College of Wisconsin's Institutional Animal Care and Use Committee (IACAUC). C57BL/6 mice homozygous for the LoxPflanked Lamc1 gene (Lamc1 LoxP ) which encodes for laminin-γ1 protein [16] [17] [18] 48 (Strain: B6.129P2-Lamc1tm1Strl/J; Jackson Laboratories, Bar Harbor, ME) were bred with C57BL/6 mice that express the UBC-Cre-ERT2 49,50 transgene (Strain: B6.Cg-Tg(UBC-cre-ERT2)1Ejb/J; Jackson Laboratories, Bar Harbor, ME). Genotypes were verified by isolation of genomic DNA and PCR for Cre and Lamc1 LoxP as previously described 16, 17, 37 . All founder animals had been backcrossed at least nine generations onto the C57Bl/6J background. Mice with the genotype UBC-Cre-ERT2 +/− ; Lamc1 LoxP/LoxP are hereafter referred to as mutant, and Lamc1 LoxP/LoxP are referred to as control. In specified experiments, mutant and control mice also expressed the reporter ACTB-tdTomato,-EGFP transgene 37 (Strain: B6.129(Cg)-Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo /J; Jackson Laboratories, Bar Harbor).
Tamoxifen-induction of Lamc1 fl recombination. Tamoxifen (Sigma-Aldrich, St Louis, MO) was solubilized in corn oil via overnight incubation at 37 °C with agitation. 1 mg was administered via intraperitoneal injection once-daily for four days (4 mg total per mouse). Lamc1 LoxP recombination was verified by PCR for the post-recombination gene product (Lamc1 r ) using the following primer sets (1: GCCTTCTATCGCCTTCTTGAC; 2: AAAGAAGCAGAGTGTGGGGG, and 3: TGGCCTTTTCAACCCTGGAA).
Tissue lysate preparation for Laminin ELISA. Tissues were homogenized using a IKA ULTRA-TURRAX T8 homogenizer in an extraction buffer containing 100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 0.5% Sodium deoxycholate, 1 mM Sodium Orthovanadate (Sigma, St Louis MO) or Halt Phosphatase inhibitor cocktail (Thermo Fisher, Walthm, MA), and protease inhibitors (EDTA-free protease inhibitor cocktail, Sigma, St Louis MO). Samples were agitated at 4 °C for 2 hours and then centrifuged for 20 minutes at 13,000 rpm. The total protein content of the resultant supernatant was quantified via BCA protein assay (#23227, Thermo Fisher Scientific, Waltham, MA).
ELISA. The laminin concentration of tissue lysates was quantified relative to total protein using a total Laminin sandwich ELISA kit (#ab119572; Abcam, Cambridge, MA).
Epithelium and mesenchyme tissue fractionation.
Intestinal epithelium and mesenchyme were separated by incubation of tissue fragments in ice cold BSS buffer (1 mM KCl, 96 mM NaCl, 27 mM Sodium Citrate, 8 mM KH2PO4, 5.6 mM Na2HPO3, 15 mM EDTA) containing protease and phosphatase inhibitors at 4 °C with vigorous shaking for 30 minutes. Sheets of mesenchyme are then removed with forceps.
Western blot. Equivalent amounts of protein from each sample type were heated for 10 minutes to 90 °C in reducing buffer and then analyzed by Tris-Glycine SDS-PAGE (BioRad; Hercules, CA) followed by semi-dry protein transfer onto PVDF membrane (BioRad; Hercules, CA). Blots were blocked with Tris Buffered Saline with 0.1% tween (TBST) and 5% non-fat dry milk overnight at 4 °C, followed by another overnight incubation at 4 °C with one of the following primary antibodies diluted into TBST: anti-Caspase-3 (ab13847, Abcam; Cambridge, MA), anti-β-Tubulin (#PA1-41331, Thermo Fisher Scientific, Waltham, MA; 1:1000). Secondary antibody was anti-rabbit IgG HRP (#sc-2357, Santa Cruz Biotechnology, Dallas, TX), and SuperSignal Western Blotting Substrates (Dura and Femto; Thermo Fisher Scientific; Waltham, MA) were used for protein detection. Chemiluminescence was detected using a GE ImageQuant LAS 4000, and ImageJ was used to quantify band intensity from the digital images. Full images of cropped western blots is included in Supplemental Fig. 3 .
Tissue preparation for histological characterization. Following euthanasia according to IACUC approved animal use protocol, tissues were either immediately flash-frozen in OCT (used for imaging
